Lung cancer is one of the most common cancers worldwide, with 1.35 million new cases diagnosed each year.[@b1] In the USA, lung cancer incidence and death rates have been steadily declining; however, it is still a common, lethal disease, accounting for approximately 27% of all cancer deaths.[@b2] Although smoking is the primary cause of lung cancer, a combination of many causes (e.g. radon, asbestos and environmental tobacco smoke), rather than a single cause, has been implicated in the etiology of lung cancer.

Preventing lung cancer is an important public health concern for both smokers and non-smokers. Much attention has been paid to the cancer-protective effect of consuming carotenoid-containing foods or supplements.[@b3],[@b4] Carotenoids are naturally occurring red, orange or yellow plant pigments. They have potent anticarcinogenic properties, including antioxidant activity, stimulation of gap junction intercellular communication, induction of detoxifying enzymes and inhibition of cellular proliferation.[@b4],[@b5] To date, several studies have been undertaken to reveal the association between carotenoids and lung cancer. The results from existing studies such as observational studies and randomized trials are inconsistent. Some studies have suggested a strong inverse association between dietary consumption or supplements of specific carotenoids and lung cancer risk,[@b6]--[@b11] whereas null or weak inverse associations have been observed in other studies.[@b12]--[@b14]

The aim of the present study was to investigate prospectively the association of serum carotenoids, namely alpha-carotene, beta-carotene, beta-cryptoxanthin, lycopene and lutein + zeaxanthin, with lung cancer death in a nationally representative US sample to determine whether circulating serum carotenoid levels may reduce the risk of death from lung cancer.

Materials and Methods
=====================

Study population
----------------

The data used in this study were obtained from the Third Nutrition and Health Examination Survey (NHANES III) database and the NHANES III Linked Mortality File. The NHANES III, which was conducted between 1988 and 1994, was a stratified, multistage sampling designed to represent the non-institutionalized civilian US population,[@b15] and it consisted of an interview, a physical examination and laboratory testing. The NHANES III Linked Mortality File was a mortality follow-up study matching the NHANES III records with data available in the National Death Index as of 31 December 2006. The date of death and cause of death in the National Death Index were derived from death certificates.[@b16]

We limited the study population to subjects ≥20 years of age at the time of the examination. Of the 18 800 subjects, 15 954 (85%) had serum carotenoid levels available. Among them, we excluded 5572 patients who had a history of cancer (*n*  = 1237) or who were missing data on smoking and alcohol consumption (*n* = 3769) or other questionnaires (*n* = 566). The cohort analysis presented in this study was thus based on 10 382 NHANES III participants.

Baseline data collection
------------------------

The participants were interviewed in NHANES III to obtain information on age (20--29, 30--39, 40--49, 50--59 or ≥60 years), gender (male or female), race/ethnicity (White, Black, Hispanic or other), education (less than high school, high school graduate, or college or more) and alcohol consumption (drinker or non-drinker). Exercise was assessed using the question, "Compared with most (men/women) your age, would you say that you are more active, less active, or about the same?" The response was categorized as more, less or about the same. Smoking-related variables included current smoking status (current, former or never) and pack-year history of smoking (\<10 pack-year or ≥10 pack-year). A pack year is defined as smoking 20 cigarettes (1 pack) per day for 1 year. The body mass index (BMI) was calculated by dividing the weight in kilograms by the height in meters squared. The BMI were categorized into three groups (\<18.5 kg/m^2^, 18.5--24.9 kg/m^2^ and ≤25.1 kg/m^2^). Total cholesterol levels were divided into three groups (≤200 mg/dL, 220--239.9 mg/dL and ≥240 mg/dL). Fat intake (\<65 g/day or ≥65 g/day) was defined as total fat calculated from the dietary interview. Intake of vegetables or fruit was determined using the question, "How often did you have ten types of vegetables per month?" or "How often did you have six types of fruit per month?" Participants answered "yes" or "no" to each of the questions, and the responses were divided into two groups: vegetables (\<7 types of vegetables or ≥7 types of vegetables) and fruits (\<3 types of fruit or ≥3 types of fruit).

Serum carotenoid measurements
-----------------------------

Carotenoid levels were measured in blood because serum carotenoid levels are useful biomarkers of the total dietary intake of vegetables and fruit. The most common types of carotenoids in humans, alpha-carotene, beta-carotene, beta-cryptoxanthin, lycopene and lutein + zeaxanthin, were assayed in NHANES III. Detailed procedures are described elsewhere.[@b17] Isocratic HPLC-based methods were used to quantify these assays. The median interassay coefficients of variation were 9.4% for alpha-carotene, 7.0% for beta-carotene, 8.7% for beta-cryptoxanthin, 7.7% for lycopene and 11.0% for lutein + zeaxanthin.[@b18]

Mortality follow up
-------------------

The International Classification of Diseases, Ninth Revision was used for deaths occurring from 1988 through 1998, and the International Statistical Classification of Diseases, Tenth Revision (ICD-10), was used for deaths occurring from 1999 to 2000. The underlying causes of death were grouped according to the National Center for Health Statistics for each coding system, and all deaths from 1988 to 1998 that were coded under the International Classification of Diseases, Ninth Revision, Clinical Modification guidelines were classified into comparable groups based on the ICD-10 underlying causes of death.[@b19] Here, we focused on death from lung cancer (ICD-10 codes C33--34).

Statistical analysis
--------------------

Current smokers and non-smokers (including those that have never smoked and former smokers) had dissimilar distributions of each carotenoid level; thus, we divided the five carotenoids into quartiles by smoking status. The overall risk analysis of lung cancer using the serum carotenoid levels was calculated by Cox proportional hazards regression. The hazard ratios (HR) and 95% confidence intervals (CI) of lung cancer death associated with each quartile level were compared with the first quartile. The proportional hazards assumption for the model was confirmed. All models for the five carotenoids with lung cancer mortality were fitted with increasing degrees of adjustment. First, we adjusted for age and gender. Second, each model was adjusted for ethnicity, education, alcohol consumption, exercise, smoking status, pack-year of smoking, obesity, total cholesterol, daily fat intake, and vegetable and fruit consumption. The risk analyses were also conducted after stratifying for smoking status (current smokers and never/former smokers) across the quartiles of serum carotenoid levels. The cumulative risks of lung cancer based on the lowest quartile (Q1) and the highest quartile (Q4) were compared between current smokers and never/former smokers.

The weighted estimates of the population parameters were computed by the National Center for Health Statistics to account for the complex sampling design. All the analyses were performed using [sas]{.smallcaps} 9.2 (SAS Institute, Cary, NC, USA) and R (R Foundation for Statistical Computing, Vienna, Austria).

Results
=======

Of 10 382 participants, 161 subjects died due to lung cancer. Table[1](#tbl1){ref-type="table"} compares the characteristics of the study participants who did and did not die from lung cancer. Participants who died from lung cancer were significantly more likely to be older, male, White, current smokers and non-drinkers at baseline compared with those without lung cancer mortality. Participants with lung cancer mortality were also more likely to have significantly less than a high school education, total cholesterol \<200 mg/dL and a lower fruit intake than the control participants. No baseline differences between participants who did or did not die from lung cancer were detected in BMI, dietary fat intake, exercise or vegetable intake.

###### 

Baseline characteristics of the participants based on lung cancer mortality

                                                    Participants without lung cancer mortality (*n* = 10 221)   Participants with lung cancer mortality (*n* = 161)   *P*-value
  ------------------------------------------------- ----------------------------------------------------------- ----------------------------------------------------- -----------
  Discrete variables, number (%) of participants                                                                                                                      
   Age (years)                                                                                                                                                        
    20--29                                          2299 (22.5)                                                 0 (0.0)                                               \<0.0001
    30--39                                          2371 (23.2)                                                 8 (5.0)                                               
    40--49                                          1799 (17.6)                                                 17 (10.6)                                             
    50--59                                          1181 (11.6)                                                 34 (21.1)                                             
    ≥60                                             2571 (25.2)                                                 102 (63.4)                                            
   Gender                                                                                                                                                             
    Male                                            5323 (52.1)                                                 104 (64.6)                                            0.0016
    Female                                          4898 (47.9)                                                 57 (35.4)                                             
   Race/Ethnicity                                                                                                                                                     
    White                                           4133 (40.4)                                                 89 (55.3)                                             \<0.0001
    Black                                           2865 (28.0)                                                 51 (31.7)                                             
    Hispanic                                        2867 (28.1)                                                 16 (9.9)                                              
    Other                                           356 (3.5)                                                   5 (3.1)                                               
   Education                                                                                                                                                          
    Less than high school                           2073 (20.3)                                                 55 (34.2)                                             \<0.0001
    High school                                     4963 (48.6)                                                 74 (46.0)                                             
    College or more                                 3185 (31.2)                                                 32 (19.9)                                             
   Smoking status                                                                                                                                                     
    Current smoker                                  2866 (28.0)                                                 91 (56.5)                                             \<0.0001
    Former smoker                                   2660 (26.0)                                                 57 (35.4)                                             
    Never smoker                                    4695 (45.9)                                                 13 (8.1)                                              
   Pack-year of smoking (pack/year)                                                                                                                                   
    \<10                                            7787 (76.2)                                                 47 (29.2)                                             \<0.0001
    ≥10                                             2434 (23.8)                                                 114 (70.8)                                            
   Alcohol drinking                                                                                                                                                   
    Drinker                                         5769 (56.4)                                                 78 (48.5)                                             0.0424
    Non-drinker                                     4452 (43.6)                                                 83 (51.6)                                             
   Body mass index (kg/m^2^)                                                                                                                                          
    \<18.5                                          203 (2.0)                                                   3 (1.9)                                               0.2155
    18.5--24.9                                      3881 (38.0)                                                 72 (44.7)                                             
    ≥25.1                                           6137 (60.0)                                                 86 (53.4)                                             
   Total cholesterol (mg/dL)                                                                                                                                          
    \<200                                           5009 (49.0)                                                 54 (33.5)                                             0.0004
    200--239.9                                      3220 (31.5)                                                 63 (39.1)                                             
    ≥240                                            1992 (19.5)                                                 44 (27.3)                                             
   Dietary fat intake (g/day)                                                                                                                                         
    \<65                                            4375 (42.8)                                                 78 (48.5)                                             0.1511
    ≥65                                             5846 (57.2)                                                 83 (51.6)                                             
   ExerCIe                                                                                                                                                            
    More                                            3268 (32.0)                                                 62 (38.5)                                             0.1129
    Less                                            2280 (22.3)                                                 38 (23.6)                                             
    About same                                      4673 (45.7)                                                 61 (37.9)                                             
   Vegetable intake (kinds of vegetables)                                                                                                                             
    \<7                                             4849 (47.4)                                                 81 (50.3)                                             0.4695
    ≥7                                              5372 (52.6)                                                 80 (49.7)                                             
   Fruit intake (kinds of fruits)                                                                                                                                     
    \<3                                             4261 (41.7)                                                 88 (54.7)                                             0.0009
    ≥3                                              5960 (58.3)                                                 73 (45.3)                                             
  Continuous variables, mean (SD) of serum levels                                                                                                                     
   Alpha-carotene (μg/dL)                           4.4 (4.3--4.5)                                              3.5 (2.7--4.3)                                        0.0004
   Beta-carotene (μg/dL)                            18.7 (18.3--19.2)                                           17.6 (14.3--20.9)                                     0.2929
   Beta-cryptoxanthin (μg/dL)                       10.5 (10.3--10.7)                                           7.4 (6.1--8.7)                                        \<0.0001
   Lutein/zeaxanthin (μg/dL)                        22.9 (22.6--23.1)                                           22.2 (20.1--24.3)                                     0.4837
   Lycopene (μg/dL)                                 22.5 (22.2--22.7)                                           17.4 (15.7--19.2)                                     \<0.0001

Figure[1](#fig01){ref-type="fig"} presents the distribution of serum carotenoid levels according to smoking status (current smokers *vs* never/former smokers) at baseline. Compared with current non-smokers, including never and former smokers, current smokers had relatively lower serum carotenoid levels. There were significant differences between current smokers and never/former smokers in the median levels of alpha-carotene (4.4 μg/dL *vs* 3.5 μg/dL, respectively), beta-cryptoxanthin (10.5 μg/dL *vs* 7.4 μg/dL, respectively) and lycopene (22.5 μg/dL *vs* 17.4 μg/dL, respectively).

![Distribution of serum carotenoids by current smoking status (current smokers *vs* never/former smokers): (a) Alpha-carotene; (b) beta-carotene; (c) beta-cryptoxanthin, (d) lycopene and (e) lutein/zeaxanthin.](cas0105-0736-f1){#fig01}

Table[2](#tbl2){ref-type="table"} shows the HR of lung cancer death across the quartiles of the five serum carotenoid levels among the overall participants. Baseline serum levels of beta-carotene, lycopene and lutein + zeaxanthin were not associated with the risk of lung cancer death. By contrast, we observed significant inverse associations between serum alpha-carotene and beta-cryptoxanthin, and lung cancer death. When adjustments were made for age and gender, the risk of lung cancer death was reduced in participants with higher serum alpha-carotene (HR = 0.24, 95% CI, 0.16--0.38) and beta-cryptoxanthin (HR = 0.21, 95% CI, 0.13--0.35) levels at baseline than in participants with the lowest levels. Additional adjustments for other covariates (ethnicity, education, alcohol consumption, exercise, pack-year of smoking, obesity, total cholesterol, daily fat intake, and vegetable and fruit consumption) did not change the results. The adjusted HR for the highest versus the lowest quartile was 0.53 (95% CI, 0.32--0.88) for serum alpha-carotene and 0.56 (95% CI, 0.33--0.96) for beta-cryptoxanthin.

###### 

Adjusted hazard ratio of lung cancer mortality across quartiles of serum carotenoids

                                 Quartile of serum carotenoids                                           
  ------------------------------ ------------------------------- ------------------- ------------------- -------------------
  Alpha-carotene                                                                                         
   Serum concentration (μg/dL)   ≤1                              2--3                4--5                ≥6
   Number of cases               62                              36                  34                  29
   Model 1, HR (95% CI)          Reference                       0.49 (0.33--0.71)   0.34 (0.23--0.51)   0.24 (0.16--0.38)
   Model 2, HR (95% CI)          Reference                       0.59 (0.39--0.91)   0.59 (0.37--0.92)   0.53 (0.32--0.88)
  Beta-carotene                                                                                          
   Serum concentration (μg/dL)   ≤8                              9--13               14--23              ≥24
   Number of cases               49                              26                  43                  43
   Model 1, HR (95% CI)          Reference                       0.59 (0.38--0.92)   0.58 (0.39--0.86)   0.55 (0.37--0.83)
   Model 2, HR (95% CI)          Reference                       0.64 (0.39--1.04)   0.76 (0.49--1.17)   0.76 (0.48--1.20)
  Beta--cryptoxanthin                                                                                    
   Serum concentration (μg/dL)   ≤5                              6--8                9--12               ≥13
   Number of cases               77                              44                  20                  20
   Model 1, HR (95% CI)          Reference                       0.60 (0.43--0.85)   0.31 (0.19--0.50)   0.21 (0.13--0.35)
   Model 2, HR (95% CI)          Reference                       0.84 (0.57--1.23)   0.51 (0.31--0.84)   0.56 (0.33--0.96)
  Lycopene                                                                                               
   Serum concentration (μg/dL)   ≤13                             14--20              21--28              ≥29
   Number of cases               64                              50                  23                  24
   Model 1, HR (95% CI)          Reference                       0.71 (0.47--1.05)   0.58 (0.38--0.88)   0.49 (0.33--0.74)
   Model 2, HR (95% CI)          Reference                       0.87 (0.56--1.33)   0.81 (0.51--1.28)   0.67 (0.42--1.07)
  Lutein/zeaxanthin                                                                                      
   Serum concentration (μg/dL)   ≤14                             15--20              21--27              ≥28
   Number of cases               44                              42                  36                  39
   Model 1, HR (95% CI)          Reference                       0.93 (0.65--1.31)   0.49 (0.30--0.77)   0.54 (0.34--0.85)
   Model 2, HR (95% CI)          Reference                       1.12 (0.76--1.65)   0.67 (0.41--1.11)   0.73 (0.44--1.22)

Model 1 was adjusted by age and gender; Model 2 was adjusted by model 1 plus ethnicity, education, alcohol consumption, exerCIe, smoking status, pack-year of smoking, obesity, total cholesterol, daily fat intake and vegetable and fruit consumption.

There were no significant impacts of antioxidant levels on risk between never-smokers and ever smokers: alpha-carotene (*P *= 0.4124), beta-carotene (*P *= 0.7347), beta-cryptoxanthin (*P *= 0.5558), lutein/zeaxanthin (*P *= 0.5094) and lycopene (*P *= 0.6665).

Table[3](#tbl3){ref-type="table"} shows the adjusted HR of lung cancer death across the quartiles of the five serum carotenoid levels by current smoking status. Current smokers with the highest serum alpha-carotene and beta-cryptoxanthin levels had 46% (95% CI, 0.31--0.94) and 61% (95% CI, 0.19--0.80) lower lung cancer mortalities, respectively, than current non-smokers in the lowest quartile.

###### 

Adjusted hazard ratio of lung cancer mortality across quartiles of serum carotenoids by smoking status

                                 Current smokers (*n *=* *2957)   Never/Former smokers (*n *=* *7425)                                                                                          
  ------------------------------ -------------------------------- ------------------------------------- ------------------- ------------------- ------ ------------------- ------------------- --------------------
  Alpha-carotene                                                                                                                                                                               
   Serum concentration (μg/dL)   ≤1                               2--2                                  3--3                ≥4                  ≤2     3--4                5--6                ≥7
   Number of cases               49                               7                                     13                  22                  19     24                  10                  17
   Model 1                       Reference                        0.42 (0.21--0.85)                     0.45 (0.25--0.82)   0.37 (0.23--0.60)   1.00   0.76 (0.44--1.33)   0.40 (0.19--0.84)   0.61 (0.33 --1.13)
   Model 2                       Reference                        0.50 (0.22--1.12)                     0.58 (0.31--1.10)   0.54 (0.31--0.94)   1.00   0.98 (0.53--1.82)   0.53 (0.24--1.17)   0.87 (0.42 --1.78)
  Beta-carotene                                                                                                                                                                                
   Serum concentraion (μg/dL)    ≤6                               7--9                                  10--16              ≥17                 ≤9     10--15              16--25              ≥26
   Number of cases               25                               16                                    26                  24                  14     14                  15                  27
   Model 1                       Reference                        0.71 (0.38--1.31)                     0.84 (0.50--1.43)   0.62 (0.36--1.08)   1.00   0.82 (0.41--1.62)   0.64 (0.33--1.27)   0.92 (0.49 --1.71)
   Model 2                       Reference                        0.81 (0.43--1.53)                     0.79 (0.45--1.41)   0.57 (0.30--1.07)   1.00   0.91 (0.43--1.92)   0.72 (0.34--1.51)   1.08 (0.54 --2.17)
  Beta-cryptoxanthin                                                                                                                                                                           
   Serum concentraion (μg/dL)    ≤4                               5--6                                  7--9                ≥10                 ≤6     7--8                9--13               ≥14
   Number of cases               41                               24                                    15                  11                  30     14                  12                  14
   Model 1                       Reference                        0.64 (0.40--1.02)                     0.48 (0.28--0.84)   0.22 (0.12--0.43)   1.00   0.96 (0.53--1.71)   0.47 (0.25--0.89)   0.49 (0.26--0.92)
   Model 2                       Reference                        0.66 (0.39--1.10)                     0.62 (0.33--1.13)   0.39 (0.19--0.80)   1.00   1.07 (0.56--2.04)   0.59 (0.30--1.17)   0.84 (0.42--1.67)
  Lutein/zeaxanthin                                                                                                                                                                            
   Serum concentraion (μg/dL)    ≤13                              14--19                                20--28              29--86              ≤14    15--20              21--29              ≥30
   Number of cases               40                               19                                    18                  14                  27     25                  8                   10
   Model 1                       Reference                        0.73 (0.42--1.27)                     0.52 (0.30--0.91)   0.60 (0.36--1.00)   1.00   1.16 (0.62--2.19)   0.96 (0.51--1.82)   0.71 (0.36--1.37)
   Model 2                       Reference                        0.89 (0.49--1.61)                     0.62 (0.34--1.13)   0.68 (0.38--1.22)   1.00   1.35 (0.67--2.71)   1.31 (0.64--2.66)   0.86 (0.40--1.85)
  Lycopene                                                                                                                                                                                     
   Serum concentraion (μg/dL)    ≤13                              14--17                                18--24              ≥25                 ≤15    16--21              22--29              ≥30
   Number of cases               28                               19                                    19                  25                  14     20                  20                  16
   Model 1                       Reference                        0.87 (0.53--1.42)                     0.67 (0.38--1.18)   0.71 (0.40--1.28)   1.00   1.45 (0.86--2.43)   0.48 (0.23--1.01)   0.75 (0.36--1.55)
   Model 2                       Reference                        0.88 (0.50--1.56)                     0.81 (0.45--1.47)   0.80 (0.41--1.56)   1.00   1.60 (0.91--2.80)   0.53 (0.24--1.19)   0.99 (0.46--2.17)

Model 1 was adjusted by age and gender; Model 2 was adjusted by model 1+ ethnicity, education, alcohol consumption, exerCIe, pack-year of smoking, obesity, total cholesterol, daily fat intake, and vegetable and fruit consumption.

Figure[2](#fig02){ref-type="fig"} presents the cumulative risks of lung cancer death separately for current smokers and never/former smokers based on the lowest (Q1) and the highest (Q4) quartile carotenoids. Among current smokers, the cumulative risk ranged from 5.3% for current smokers with Q1 carotenoid levels to 3.5% for current smokers with Q4 levels. The corresponding risks for never/former smokers with Q1 and Q4 carotenoid levels were the same, at 1.5%. Compared with never/former smokers, the lung cancer mortality risk of current smokers, specifically smokers with the lowest (Q1) carotenoid levels, was dramatically increased with age.

![Cumulative risks of lung cancer death among current smokers versus never/former smokers. "Q1" indicates the lowest serum carotenoid levels and "Q4" indicates the highest serum carotenoid levels. (a) Alpha-carotene; (b) beta-carotene; (c) beta-cryptoxanthin, (d) lycopene and (e) lutein/zeaxanthin.](cas0105-0736-f2){#fig02}

Discussion
==========

In this prospective cohort study of a representative sample of the US population, we found that high serum levels of alpha-carotene and beta-cryptoxanthin at baseline were significantly associated with a lower risk of lung cancer death after adjustment for cigarette smoking and other potential covariates. Among current smokers, the mortality risk progressively decreased with increasing alpha-carotene and beta-cryptoxanthin levels; no association was observed among never/former smokers. Our findings extend the previous evidence on the potential anticarcinogenic effect of carotenoids in lung cancer[@b5] and suggest that a high intake of food rich in alpha-carotene or beta-cryptoxanthin may prevent the development or worsening lung cancer, especially in smokers.

Carotenoids are a class of phytochemicals that are synthesized by plants and microorganisms. They have potent singlet molecular oxygen quenching activity and free radical-scavenging activity,[@b3] and protect biological systems from oxidative damage. The main focus of studies, from observational studies to randomized trials, of carotenoids and cancer prevention has been on beta-carotenoid intake or supplements. However, the protective effect of beta-carotenoids on lung cancer is not confirmed,[@b12],[@b13] and the present study also failed to support the association. Consistent with our results, evidence is accumulating that the intake of or circulating levels of alpha-carotene and beta-cryptoxanthin are inversely associated with lung cancer risk.[@b6]--[@b11],[@b20]--[@b23] Population-based studies conducted in Hawaii, New Jersey and Finland report that the intake of alpha-carotene is significantly associated with reduced lung cancer risk.[@b20],[@b21],[@b23] The results from two prospective cohort studies (the Nurses\' Health Study and the Health Professionals Follow-Up Study) revealed that among never smokers, a significant 63% (relative risk \[RR\], 0.37; 95% CI, 0.18--0.77) lower risk of lung cancer was observed for the highest quintile compared with the lowest quintile of alpha-carotene intake; no associations were observed among current smokers.[@b7] A study from the Netherlands Cohort Study on Diet and Cancer reports protective effects of beta-cryptoxanthin intake on lung cancer incidence.[@b22] The inverse associations were stronger among current smokers and weaker for former smokers at baseline. In the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study, Holick *et al*. (2002) observed a significantly lower risk of any type of lung cancer with dietary beta-cryptoxanthin, but not alpha-carotene, in male smokers.[@b6] A pooled analysis from seven cohort studies in North America and Europe showed that a high intake of dietary beta-cryptoxanthin significantly reduced lung cancer risk (RR, 0.76; 95% CI, 0.67--0.86; highest *vs* lowest quintile).[@b14] The Japan Collaborative Cohort Study showed that men in the highest quartile of serum alpha-carotene and beta-cryptoxanthin intakes were at significantly lower risk of lung cancer death compared with men in the lowest quartiles.[@b10],[@b11] In a cohort study of Chinese men in Shanghai, Yuan *et al*. (2001) demonstrate a significant inverse association between the pre-diagnostic serum level of beta-cryptoxanthin and lung cancer development that was independent of cigarette smoking.[@b8] Their subsequent study observed an approximate 15--40% reduction in risk of lung cancer for subjects in the highest versus the lowest 10th percentile of dietary beta-cryptoxanthin intake.[@b9] Thus, alpha-carotene and beta-cryptoxanthin may be associated with reduced lung cancer mortality risk, even though null or weak inverse associations have been observed.

Interestingly, we found that the beneficial effect of alpha-carotene and beta-cryptoxanthin on lung cancer death was only present in current smokers. Cigarette smoking is a major cause of lung cancer and is strongly associated with unhealthy diets, including low intake of fruit and vegetables.[@b24] Smokers often have lower circulating antioxidant levels compared with non-smokers.[@b25],[@b26] Whether the phenomenon is attributed to low dietary intake of antioxidant-rich foods[@b27] or to the enhanced degradation of circulating antioxidants from the increased oxidative stress associated with smoking remains unclear.[@b28],[@b29] However, studies have demonstrated no significant differences in the intake of antioxidant-rich foods between smokers and non-smokers after adjusting for various factors.[@b26],[@b30] This result supports the hypothesis that the differences observed between smokers and non-smokers could be due primarily to the elevated oxidative stress levels caused by the toxicity of the smoke and not only to dietary differences in antioxidant nutrients.[@b28] Based on the results, smokers would require higher intake of fruit and vegetables than non-smokers, and antioxidants, especially alpha-carotene and beta-cryptoxanthin, could be effective in reducing the risk of lung cancer that is associated with smoking.

Studies on the mechanisms that underlie the inverse associations between lung cancer mortality risk and serum alpha-carotene and beta-cryptoxanthin are limited. However, because carotenoids have antioxidant properties,[@b4],[@b5] a possible biological mechanism may lie in their antitumor-promoting activity and their protection against oxidative stress. For example, in experimental carcinogenesis studies, alpha-carotene-treated groups showed much higher suppressive activity than beta-carotene-treated groups,[@b31],[@b32] suggesting the potent preventive action of alpha-carotene against carcinogenesis. The administration of mandarin juice, which is rich in beta-cryptoxanthin, inhibits chemically induced mouse lung tumorigenesis.[@b33] In addition, human intervention studies suggest that alpha-carotene exerts a cancer protective effect through a decrease in oxidative and other damage to DNA.[@b34],[@b35] Haegele *et al*. (2000) also report significant inverse associations of beta-cryptoxanthin and/or lutein with 8-oxodGuo in DNA. A recent study in a cell culture model suggests that beta-cryptoxanthin protects against DNA oxidation and improves DNA repair,[@b36] implying that carotenoids have a cancer-protective role.

Important limitations of the present study include the single measurement of serum carotenoid levels at baseline and the long interval between the measurement and follow-up period. As a result, serum carotenoids were not measured at the time point defined as "death from lung cancer." We did not address the influence of changes in serum carotenoid levels, such as antioxidant supplements, on death. In addition, because cigarette smoking is strongly related to lung cancer, to minimize confounding by smoking, the statistical model included smoking habits (current smoker, former smoker and never smoker) and pack-year of smoking. However, we cannot completely exclude some residual confounding factors related to smoking; for example, cigarette brand (which may lead to different carcinogenic exposures) or the use of filtered versus unfiltered cigarettes. In addition, several variables were dependent on self-reported data and, therefore, are not free from bias. Due to the observational nature of this investigation, we cannot exclude the possibility of residual confounding effects by unmeasured confounders. Finally, because the NHANES III Linked Mortality File was constructed by causes of death through the National Death Index, there is potential error in classifying the cause of death.

In conclusion, the results of the present study show that high serum levels of alpha-carotene and beta-cryptoxanthin are associated with a lower risk of lung cancer death in US adults. Our finding suggests that a high intake of foods that are rich in alpha-carotene and beta-cryptoxanthin has the potential to reduce lung cancer death and to lower the risk in current smokers.
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